As a consequence of long-range transported pollution air-sea exchange can become a major 16 source of persistent organic pollutants in remote marine environments. The vertical gradients 17 in air of 14 species i.e., 4 parent polycyclic aromatic hydrocarbons (PAHs), 3 polychlorinated 18 biphenyls (PCBs), 3 organochlorine pesticides (OCPs) and 2 polybrominated diphenylethers 19 (PBDEs) in the gas-phase were quantified at a remote coastal site in the southern Aegean Sea 20 in summer. Most vertical gradients were positive (Δc/Δz > 0) indicating downward (net 21 depositional) flux. Significant upward (net volatilisational) fluxes were found for 3 PAHs, 22 mostly during day-time, and for 2 OCPs, mostly during night-time, as well as for 1 PCB and 1 23 PBDE during part of the measurements. While phenanthrene was deposited, fluoranthene 24 (FLT) and pyrene (PYR) seem to undergo flux oscillation, hereby not following a day/night 25 cycle. Box modelling confirms that volatilisation from the sea surface has significantly 26 1 Atmos. Chem. Phys. Discuss.,
Introduction 32
The marine atmospheric environment is a receptor for persistent organic pollutants (POPs) 33 which are advected from sources on land, primary and secondary, such as volatilization from 34 contaminated soils. This is a concern as these substance bioaccumulate along marine food 35 chains (e.g., Lipiatou splitless mode at 280°C, with He used as a carrier gas at constant flow of 1.5 mL min -1 . 173
PBDEs were analysed using GC-HRMS (gas chromatography with high resolution mas 174 spectrometry) on a Restek RTX-1614 column (15 m × 0.25 mm × 0.1 µm). The resolution 175 was set to > 10000 for BDE 28-183, and > 5000 for BDE 209.
13 C BDEs 77 and 138 were 176 used as injection standards. The MS was operated in EI+ mode at the resolution of >10000. 177
The temperature program was 80°C (1 min hold), then 20°C min -1 to 250°C, followed by 178 and salinity corrected Henry's law constant H Tw,salt (Pa m 3 mol -1 ; see S1.1 for details), and air 224 temperature T a (K). T a was adopted from the on-site measurement (see above). c w is derived 225 as the average of the results at two localities, 2 replicas each (see above, 2.1). SST data, 226 measured on the sampling day and in the area, were downloaded from respective database 227 (see S1.4 for details). Air and water sampling was not totally in phase: sampling in air was 228 over 12 days (2-13 July), while SR exposure was during 28 days (3-30 July) i.e., collection 229 was done 10 days after air sample collection. Consequently, for those substances which are 230 
Results and discussion 257

Day/night variation of concentrations in air 258
4 PAHs (ACE, PHE, FLT, PYR), 3 OCPs (α-and γ-HCH, p,p'-DDE), 3 PCB congeners 259 (PCB28, -52 and -101) and 2 PBDE congeners (BDE47 and -99) were quantified in gas-phase 260 samples, while the other species were found <LOQ in all or most samples (Fig. 1a, 2a , Table  261 1a, b). This is a consequence of limited air sample volume (≈25 m³). PAHs and PBDEs were 262 also found in the particulate phase. The levels observed (Table 1a) winds, 6-10 July (Fig. 1) . Apparently, contaminants' concentrations were influenced by BL 286 depth, as indicated by anti-correlation with PAHs and OCPs (except DDE; significant for α-287 HCH on the p < 0.05 confidence level, t-test). This, apart from mixing, is related to advection 288 and air-sea mass exchange and studied in more detail in Section 3.5. 289 290
Diffusive air-sea exchange 291
The variation of air concentrations (with nighttime maxima) during a period of northerly flow 292 without change of air mass is predicted using the 2-box model (Section 2.6). For PCB28, -52, 293
FLT and BDE47 air concentrations are qualitatively well captured (Fig. 2, S4 ). Table S5 ). This, to our knowledge, had never been observed 304 before. 305 f w is derived from the mean concentrations in seawater at two locations (see SI, Table S6, of gaseous PCB28 and -101 and close to phase equilibrium (0.3 < f a /f w < 3) for p,p'-DDE, 310 and PCB52 (Table 2) . These results are the same as determined based on passive air sampling 311 at several locations along the shore at and near Selles Beach (Lammel et al., 2015) . 312
The direction of DDE and PCB fluxes derived from fugacity calculations is consistent with 313 what was indicated by the correlation of air concentrations and BL depth during on-shore 314 winds (SI, S2.5). 315 316
Vertical concentration gradients in air 317
PAH vertical gradients mostly indicated deposition, Δc/Δz > 0, found in 28 cases (14 during 318 day, 14 during night), while negative gradients were found in 10 cases (8 during day, 2 during 319 night). The vertical gradient of PAHs was insignificant in 17 cases. When volatilisation was 320 observed (3-5 July for FLT and PYR, 6-9 July for ACE) Δc/Δz tended to be clearly lower 321 during day-time, indicating that volatilisation of PAHs from the sea surface was stronger 322 during day-time. This could be explained by a higher fugacity from seawater, f w , which 323 increases with H Tw,salt (see above, 2.5), which, in turn, increases with sea surface temperature, 324 T w . Similarly, for the halogenated substances, significant positive gradients, Δc/Δz > 0, 325 indicating deposition were more frequent than significant negative gradients i.e., 37 cases (15 326 PCBs, 22 OCPs, 30 during day, 7 during one night only) and 20 cases (2 PCBs, 17 OCPs, 1 327 PBDE, 5 during day, 15 during night), respectively. For these substance classes, a vertical 328 gradient was insignificant in 65 cases (according to the measurement uncertainties). During at 329 least some nights of the period 6-10 July night-time maxima of HCH, and PCB52 in air 330 coincided with negative vertical gradients, i.e. emissions from the sea surface. This trend is 331 most significant for the HCH isomers for which a stronger volatilisation flux from the sea 332 concentrations with BL depth (above). Only one BDE concentration gradient was significant, 343 which was volatilisational and during day-time (Fig. 1b, Table 1b ). The direction of the gradient, hence, of air-sea exchange is found to have changed for ACE, 349 PYR and the HCH isomers on a half-day basis (sequential sampling periods), for FLT during 350 less than 2 days (Table S4) (Table S5b) . 398
The fluxes corresponded to mean deposition velocities not distinguishable from zero e.g., attacked by the hydroxyl radical, but 'shielded' by the particle matrix (e.g. Zhou et al., 2012) . 419
The same had been observed previously at the same site (Tsapakis and Stephanou, 2007) . 420
Effective photochemistry can also be excluded for particulate PBDEs for the same 421 reasonWhile c day /c night = 1.20 and 1.37 for gaseous PBDEs suggests volatilisation from ground 422 during the day, the absence of c day /c night > 1 for the particulate phase may indicate that the 423 species are not in gas-particle phase equilibrium. This has been pointed out based on previous 424 PBDE measurements in the region (Cetin and Odabasi, 2008). However, the data set 425 discussed here is limited and gas-particle partitioning was not the subject of this study. 426
Total deposition is the sum of dry and wet deposition, the latter not being significant in the 427 Mediterranean in summer. Dry deposition is the sum of particle deposition and diffusive 428 depositional fluxes (part of air-sea exchange, see 3.2). The dry particle deposition flux, with v dep being determined by particle size and wind speed. Dry particle deposition to the sea 434 surface is most efficient under high wind speeds (Williams, 1982) . The mass median diameter 435 of PAHs at remote sites has been mostly found in the submicrometer range ( Significant vertical concentration differences in the particulate phase, Δc p /Δz > 0 and Δc p /Δz 467 < 0, were found. Notably during one day-time and sequential night-time sampling (6-7 July) 468 and during day-time of 9 July all significant gradients determined for particulate phase 469 contaminants were negative, i.e. higher concentrations at the lower level, z 1 (PHE and FLT 470 each 1, PYR 2 cases; PBDEs each 1 case; Table S3 ), while the opposite gradient was found in 471 other nights and days. Apart from particle sources at the ground (not relevant here), vertical 472 particle gradients may be sustained by turbulent diffusion (Pryor et al., 2008) . While average 473 wind speed was highest during day-time of 9 July, it was average during 6-7 July. No fluxes 474 can be derived from the gradients determined in this study, downward or upward. 475 476
Conclusions 477
The diurnal variation of contaminant concentrations in air at a remote coastal site in the 478 Aegean Sea was explained by the combination of atmospheric mixing depth and volatilisation 479 from the sea surface. Volatilisation from the sea surface has significantly contributed to the 480 night-time maxima of PCB28. Apart from long-range transport across the Aegean Sea, local 481 sources were indicated for PBDEs: PBDE cycling was characterized by volatilization and 482 transport from the island during the day and deposition to the sea surface. 
